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E-mail address: guzina@wave.ce.umn.edu (B.B. GuThis paper establishes a theoretical and computational framework for the development of a novel piezo-
electric sensor array for the monitoring of surﬁcial tissue motion that can be used as a basis for the
reconstruction of layered viscoelastic skin properties. This is accomplished by the scale reduction of
the so-called Multi-channel Analysis of Surface Waves (MASW), a methodology that is successfully used
in engineering geophysics for the seismic-wave reconstruction of vertical geological proﬁles. The utility
of the new sensor, containing an array of hair-like PVDF sensors that are sensitive to surﬁcial tissue
motion, is enhanced through a systematic solid-ﬁber interaction analysis that furnishes integral informa-
tion, cumulative over the length of each ﬁber, about the attenuation and dispersion of surface waves. On
employing such a predictive model as a lynchpin of the full waveform back-analysis used to interpret
electric charges generated by the ﬁbers, the methodology allows for an effective reconstruction and vis-
coelastic characterization of cutaneous and subcutaneous tissue sublayers on a millimeter scale. The per-
formance of the proposed sensor array and data interpretation framework is illustrated through
numerical simulations, which point to the feasibility of cost-effective, in vivomechanical characterization
of skin sublayers.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
Over the past decade, studies have demonstrated that quantita-
tive medical imaging (targeting e.g. the spatial distribution of tis-
sue’s shear modulus) has a potential of identifying cancerous
lesions in tissues that are otherwise visible, but indiscernible by
anatomical imaging techniques such as X-ray, magnetic resonance,
and computed tomography. In particular, results indicate (Ophir
et al., 1991; Plewes et al., 2000) that the apparent shear modulus
of certain types of cancer can be 5  10 times higher than that of
the surrounding healthy tissue. Notwithstanding such critical
advantage, at present there are no viable in vivo testing procedures
nor analyses capable of quantitatively resolving the effective
mechanical characteristics of multi-layered, small-scale tissue
structures such as skin.
To enhance the ﬁdelity of mechanical tissue characterization,
growing number of studies have employed linear viscoelasticity
to approximate the constitutive behavior of soft tissues (Kruse
et al., 2000). While the latter are clearly non-linear at high strains
and may exhibit complex features such as poromechanics (Thimus
et al., 1998), anisotropy (Ventre et al., 2009) and mechanical adap-
tation (Lokshin and Lanir, 2009), studies have shown that linear
viscoelastic models provide reasonable approximation of softll rights reserved.
: +1 612 626 7750.
zina).tissue’s mechanical response in situations involving small strains
and fast excitation with frequencies over 50 Hz, see e.g. Xydeas
et al. (2005).
In most situations that entail the non-invasive use of elastic
waves toward three-dimensional (3D) reconstruction and charac-
terization of subsurface heterogeneities, one of the basic require-
ments is the prior knowledge of (visco-) elastic properties of the
reference ‘‘background’’ medium. Such is the case for instance with
seismic migration (Claerbout, 1976; Berkhout, 1981), as well as
more recent 3D reconstruction techniques such as the linear sam-
pling method (Baganas et al., 2006; Guzina and Madyarov, 2007)
and the topological sensitivity approach (Guzina and Bonnet, 2004;
Chikichev and Guzina, 2008) which commonly require the elastic
layer properties (or seismic velocities) of the reference ‘‘defect-
free’’ medium to be known beforehand. In the context of viscoelas-
tic material characterization that is applicable to healthy (i.e.
‘‘background’’) skin and subcutaneous tissues, studies have largely
focused on either one-dimensional testing of excised tissues
(Catheline et al., 2004; Wu et al., 2006), or indentation testing
(Suzuki and Nakayama, 1999; Dhar and Zu, 2007) that relies on
the premise of local tissue homogeneity. More recently, Liu and
Ebbini (2008) and Guzina et al. (2009) proposed a dynamic testing
methodology for the viscoelastic characterization of homogeneous,
millimeter-thin tissue constructs on rigid substrates that utilizes
high-intensity ultrasound beam, modulated at frequencies on the
order of 102  103 Hz, as the source of mechanical vibrations.
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in Zhang et al. (2008) and Kirkpatrick et al. (2004), who utilize Ray-
leigh (surface) waves as a means to expose the tissue’s viscoelastic
properties. The latter two works nonetheless model the skin as a
homogeneous viscoelastic half-space, a hypothesis that is inconsis-
tent with the stratiﬁed nature of skin that includes mechanically-
dissimilar epidermis and dermis layers, resting on a subcutaneous
tissue (James et al., 2006).
The Multi-channel Analysis of Surface Waves (MASW) tech-
nique is an effective engineering tool for the shallow subsurface
delineation of geological and geotechnical proﬁles via seismic sur-
face waves, where the surface ground motion is monitored by a lin-
ear array of motion sensors such as geophones or accelerometers
(Park et al., 1999, 2007). Empowered by the multitude of sensing
locations, this technique makes it possible to deal with the plural-
ity of Rayleigh-wave modes, an item that has traditionally been an
issue with the MASW’s two-receiver predecessor, known as the
Spectral Analysis of Surface Waves (Heisey et al., 1982; Ganji
et al., 1998). Notwithstanding such critical advantage, however,
the viscoelastic MASW analyses targeting the characterization of
dissipative subsurface proﬁles are rather limited (Xia et al., 2002)
in that they commonly revolve around a two-step, uncoupled
interpretation procedure. In the technique, the moduli of subsur-
face layers are ﬁrst obtained using elastic analysis from the ob-
served dispersion data. Equipped with such approximate
information about the subterranean stratigraphy, the damping
characteristics of individual layers are then computed from the
available dispersion and attenuation (i.e. amplitude decay) mea-
surements. As shown in Lai and Rix (2002), however, such uncou-
pled approach to data interpretation which neglects the effects of
material dissipation on the dispersion of surface waves is applica-
ble only to weakly dissipative media where material damping does
not exceed 5%. This is in sharp contrast to the viscoelastic charac-
teristics of most soft tissues (Kruse et al., 2000) which exhibit sig-
niﬁcantly higher attenuation characteristics.
Motivated by the above-described developments in engineering
geophysics, this study aims to develop an effective testing and
computational platform for the non-invasive viscoelastic charac-
terization of laterally-homogeneous skin and its sublayers via a
spectral analysis of Rayleigh surface waves. In such quest, the
key issues to be addressed include the possibility of a low-cost,
small-scale motion sensing in skin, and that of comprehensive
waveform analysis that accounts for the coupling effects of tissue’s
elasticity and viscosity on induced surface motion. To this end, the
developments entail (i) the conceptual design of a miniature, pie-
zoelectric PolyVinylidine DiFluoride (PVDF) motion sensing array
that would be attached to the skin via an adhesive tape; (ii) com-
putationally-effective, coupled viscoelastic model of a PVDF-
sensor-on-a-substrate system, and (iii) afﬁliated full-waveform in-
verse analysis that relates electric charges generated by the PVDF
array to the tissue’s viscoelastic proﬁle. For completeness, the
developments are accompanied by a set of numerical results that
illustrate the feasibility of the proposed sensing methodology.
Beyond aiming at the necessary preparatory step toward 3D
elastic-wave reconstruction of skin lesions, the proposed sensing
framework may also be useful in achieving better understanding
of skin aging (Vexler et al., 1999) and exposing the effectivenes
of various cosmetic treatments (Wissing and Muller, 2003)
where tissue viscoelasticity appears to be a useful indicator
parameter.2. Conceptual sensor setup
The envisioned scale reduction of the MASW test involves
the development of a ‘‘band aid’’-like PVDF transducer withdimensions on the order of 10 mm  10 mm, see Fig. 1. As shown
in the display, the transducer contains an array of string-shaped
PVDF sensors oriented in the x1-direction of the reference Cartesian
coordinate system. A time-harmonic, localized force is applied
normal to the tissue in the neighborhood of the transducer. Under
the surface motion induced by an arrival of the generated body and
(Rayleigh) surface waves (Ganji et al., 1998; Guzina and Lu, 2002;
Xia et al., 2004; Guzina and Madyarov, 2005), each PVDF sensor i.e.
string, in contact with the tissue surface, deforms and generates an
electrical signal owing to its favorable piezoelectric properties. To
ensure both (i) non-slip contact with the surface of the skin and
(ii) proper alignment of the hair-like PVDF sensors, the PVDF ﬁbers
are envisioned to be attached to the top surface of a ﬂexible
backing tape whose adhesive bottom is in direct contact with the
tissue. The backing tape could be either made thin and compliant
and thus neglected during the analysis, or taken into consider-
ations as the top layer with known thickness and viscoelastic
properties. In the ensuing analysis we assume the ﬁrst option i.e.
neglect the presence of the adhesive top layer.
To maximize the compliance of the sensor and thus its sensitiv-
ity to the soft-tissue motion, each strip i.e. ﬁber can be made to
have a small rectangular cross-section of dimensions h  w, where
h is the thickness of the ﬁber and w is its width, w = O(h). Here the
hair-like sensors are envisioned to be manufactured (cut) from
PVDF ﬁlms having standard thicknesses of 9, 28, 52 or 100 lm,
with ground electrode covering their entire top surface.
The calculation of charges generated by (surface and body
wave-) deformed PVDF ﬁbers will follow the approach proposed
in Lee (1990) and Preumont (2006). When used in a sensing mode,
piezoelectric ﬁbers are connected to an operational ampliﬁer to
form either a current ampliﬁer or a charge ampliﬁer. An opera-
tional ampliﬁer is an active electrical circuit working as a linear
voltage ampliﬁer with inﬁnite input resistance and zero output
resistance. The open loop gain is usually very high, which means
that the allowable input voltage is small. As a result, when the elec-
trodes of the piezoelectric ﬁbers are connected to an operational
ampliﬁer, they can be regarded as short-circuited and the electric
ﬁeld through the piezoelectric material can be neglected
(Preumont, 2006). The immediate consequence of such conﬁgura-
tion is that the mechanical and electrical phenomena are
decoupled. This in particular allows for the following solution
scheme: ﬁrst, the mechanical problem can be solved separately
by disregarding the piezoelectric effects. Having obtained the
strains within the piezoelectric ﬁbers, the electrical charges can
then be calculated by integrating the electrical displacement over
the area of the electrodes.2.1. Point versus integral motion sensing
In MASW testing (Park et al., 1999, 2007; Xia et al., 2002) the
surface ground motion, generated by a localized vibratory source,
is commonly monitored via a coaxial array of point motion sensors
such as geophones (velocity sensors) or accelerometers. As a result,
the MASW measurements are amenable to notably simpliﬁed
interpretation in that: (i) the motion sensors, owing to their lim-
ited mass, are considered not to affect the free-ﬁeld ground vibra-
tion (i.e. the axisymmetric surface motion that would have
existed in the absence of any sensors), and (ii) each motion sensor
can be assumed to yield the information about ground motion at a
single source-receiver distance, r. In the proposed setup (Fig. 1), on
the other hand, the length of each ﬁber i.e. sensor is expected to be
on the order of the wavelength of the illuminating (surface and
body) waves, at least over a portion of the frequency band exam-
ined. With reference to the left panel in Fig. 1, this in particular im-
plies that:
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Fig. 1. Conceptual design and operation of a transducer array, consisting of N slender PVDF ﬁbers, for the viscoelastic characterization of skin and subcutaneous tissue. Each
piezoelectric ﬁber is of length L  10 mm and oriented in the x1-direction; the nth ﬁber (n = 1,2, . . .N) is centered at xðnÞ2 ;0;0
 
and interacts with the substrate via line-load
vector q(n)(x1). In the top and left panels, u^ is the so-called free ﬁeld, signifying the motion of ﬁber-free substrate due to prescribed excitation.
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will sense the substrate motion over a range of source-receiver
distances r, and integrate i.e. ‘‘compress’’ the information into a
scalar voltage quantity V(x); and
 each ﬁber will, due to its own stiffness characteristics, perturb
the free-ﬁeld motion of the substrate.
The ensuing forward analysis aims to account for these two
complications in a rigorous and computationally-effective fashion.
3. Forward analysis
3.1. Layered substrate model
Experimental investigations on tissues and tissue-mimicking
phantoms have revealed that the dynamic tissue response, when
excited at frequencies on the order of 100 Hz, can be well approx-
imated as being linear viscoelastic, see e.g. Kruse et al. (2000). Here
it is worth noting that soft tissues are nearly (but not fully) incom-
pressible, having the bulk modulus on the order of GPa and the
shear modulus on the order of kPa (Nightingale et al., 2001). In
terms of the viscosity (or equivalently material dissipation) effects,
it was further found that the attenuation of shear waves is orders
of magnitude larger than that of compressional waves (Fatemi
and Greenleaf, 2000). To account for such material behavior, it is
assumed in this study that the bulk modulus of the tissue is elastic
and set to an a priori value of 1.5 GPa.
In the sequel the tissue is treated as a layered half-space con-
sisting of a stack of fully bonded S layers, each with thickness hs
(hS =1), complex viscoelastic shear modulus ls , elastic bulk mod-
ulus Ks = 1.5 GPa, andmass density qs, s = 1, 2, . . . , S. To describe the
viscoelastic tissue behavior in shear one may for example adopt
the Zener model, i.e. the standard linear solid (Findley et al.,
1989) whose applicability to a variety of manufactured and biolog-
ical materials has been demonstrated in a number of studies (Ouis,
2003; Zhang, 2005; Guzina et al., 2009). More generally, however,
the complex shear modulus of the sth tissue layer can be parame-
trized as
ls ¼ ls ðx;gðsÞ1 ;gðsÞ2 ; . . .gðsÞP Þ; s ¼ 1;2; . . . ; S; ð1Þwhere gðsÞj ðj ¼ 1;2; . . . PÞ is a set of parameters quantifying the var-
iation of ls with frequency. Assuming that the mass density qs and
bulk modulus Ks of each layer is known beforehand, the purpose of
the ensuing analysis is to establish the analytical and computational
framework for identifying the vector of material parameters,
p ¼ gð1Þ1 ;gð1Þ2 ; . . .gð1ÞP ; . . . ;gðSÞ1 ;gðSÞ2 ; . . .gðSÞP
n o
, that characterizes the
substrate in terms of its viscoelastic shear moduli.
For completeness, it is noted that the featured hypothesis of
perfect bonding between viscoelastic layers can be effectively re-
laxed via the introduction of ‘‘ultra thin’’ soft layers, where applica-
ble, to account for weak interfaces such as that between epidermis
and dermis. As shown in Mal (1988), this approach to controlling
the interfacial conditions is effective and free from numerical
instabilities across a wide range of frequencies.3.2. Sensing array
To quantify the deformation of an array of N piezoelectric ﬁbers,
each of length L, bonded to the surface of a layered substrate (e.g.
skin) due to external vibration caused by time-harmonic point
load, a semi-analytical model is developed which considers a set
of parallel Euler beams perfectly bonded to a layered viscoelastic
half-space as shown in Fig. 1. For future reference the location of
the nth ﬁber (n = 1,2, . . .N), oriented parallel to the x1-axis of the
reference Cartesian system, is denoted by xðnÞ2 . With such deﬁnition,
the interface between the substrate and the nth ﬁber can be more
precisely speciﬁed as
ðx1; x2; x3Þ :  L2 6 x1 6
L
2
; xðnÞ2 
w
2
6 x2 6 xðnÞ2 þ
w
2
; x3 ¼ 0
 
:
On setting for convenience xð1Þ2 ¼ a, the external force is applied nor-
mally to the substrate at the origin of the Cartesian coordinate sys-
tem, i.e. at distance a from the sensing array. By virtue of the earlier
hypotheses on ﬁber geometry whereby the length, L, of each ﬁber is
roughly three decades larger than the characteristic dimension (h)
of its cross-section, the analysis of the interaction problem can be
simpliﬁed by assuming that, for given nth ﬁber, all relevant quanti-
ties (displacements, tractions at the ﬁber-substrate interface, etc.)
are functions of x1 only.
Table 1
Mechanical properties of skin – epidermis, dermis, and subcutaneous tissue: three-
layer half-space model (Ks = 1.5 GPa, s = 1,2,3).
hs
[mm]
qs [kg/
m3]
Reðls Þ [kPa] Imðls Þ [kPa]
Epidermis
(s = 1)
0.5 1100 9.4 (Geerligs,
2006)
3.4 (Geerligs,
2006)
Dermis (s = 2) 2 1100 7 (Holt et al.,
2008)
0.3 (Holt et al.,
2008)
Subcutis
(s = 3)
– 1100 1.1 (Patel et al.,
2005)
0.5 (Patel et al.,
2005)
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With reference to Fig. 1, the effect of the mth PVDF sensor on
tissue deformation can be synthesized via line load q(m)(x1), dis-
tributed along the length of the sensor. By way of superposition,
the substrate displacement in the jth coordinate direction
(j = 1,2,3) along its interface with the nth ﬁber can accordingly
be computed via integral representation
usubðnÞj ðx1Þ ¼ u^ðnÞj ðx1Þ þ
XN
m¼1
X3
i¼1

Z L=2
L=2
qðmÞi ðf1ÞGij x1; xðnÞ2 ; f1; fðmÞ2
 
df1: ð2Þ
Here u^ðnÞj ðx1Þ is the so-called free ﬁeld, i.e. the response of the sub-
strate along line segment  L2 6 x1 6 L2 ; xðnÞ2 ; 0
 
due to external
excitation in the absence of any ﬁbers; the summation overm intro-
duces the effect of each ﬁber; the summation over i takes into ac-
count the ith coordinate component, qi, of the line load vector
q(m), and Gij x1; x
ðnÞ
2 ; f1; f
ðmÞ
2
 
are the Green’s functions for the layered
viscoelastic half-space, i.e. the displacement response of the (ﬁber-
free) semi-inﬁnite solid at x1; x
ðnÞ
2 ;0
 
in the jth coordinate direc-
tion, due to unit-resultant line load acting at position f1 over the
width w of the mth ﬁber, i.e. over line segment
ðf1; f2;0Þ : fðmÞ2 w=2 6 f2 6 fðmÞ2 þw=2
n o
in direction i. It is noted
that (2) formally applies to both static and dynamic problems. In
particular, for situations involving time-harmonic excitation, (2) is
interpreted as being written in the frequency domain. In this setting
functions usubj
ðnÞ
; u^ðnÞj ; q
ðmÞ
i and G
i
j are complex-valued, with their real
and imaginary parts signifying respectively the in- and out-of-phase
components of the respective quantities.
To obtain the substrate Green’s functions Gij x1; x
ðnÞ
2 ; f1; f
ðmÞ
2
 
and
free-ﬁeld displacement u^ðnÞj ðx1Þ, the point-load solution as in Pak
and Guzina (2002) is employed. Using the method of displacement
potentials and Hankel integral transform, Pak and Guzina (2002)
obtained the displacement response Gijðx1; x2; x3; f1; f2; f3Þ of a lay-
ered viscoelastic half space at (x1,x2,x3) in the jth coordinate direc-
tion due to time-harmonic, unit point force acting at (f1,f2,f3) in
direction i. Accordingly, the relationship between Gij and G
i
j can
be written as
Gij x1; x
ðnÞ
2 ; f1; f
ðmÞ
2
 
¼ 1
w
Z fðmÞ2 þw=2
fðmÞ
2
w=2
Gijðx1; xðnÞ2 ;0; f1; f2; 0Þdf2; ð3Þ
where w is the width of the sensor. Thus, Green’s function Gij is an
average ofGij along sensor’s width, and as such it implicitly depends
on w.
As an illustration, Fig. 2 plots the real parts of Gij x1; x
ðnÞ
2 ; f1; f
ðmÞ
2
 
and its generator Gijðx1; xðnÞ2 ;0; f1; fðmÞ2 ;0Þ assuming w = 100 lm,
x = 200p rad/s, and xðmÞ2 ¼ fðnÞ2 , in a three-layer viscoelastic half-
space whose properties are given in Table 1. They visualize the se-
lected displacement components along line x1; x
ðnÞ
2 ;0
 
, in the
vicinity of a relevant time-harmonic source centered atFig. 2. Near-source distribution of the dynamic Green’s functions G11ðx1;0;0;0;0;0Þ;
x = 200 p rad/s, and substrate properties as in Table 1.0; xðnÞ2 ;0
 
. From the display it is clearly seen that the averaging
procedure (3) decreases the singularity of Gij as x1? f1. In particu-
lar, it can be shown that Gij ¼ Oð1=rÞ and Gij ¼ OðlogðrÞÞ as r? 0,
where r denotes the relevant source-receiver distance. As a result,
all integrals in (2) are proper and can be evaluated using standard
numerical quadrature schemes.
3.4. Response of the ﬁber
With the above result in place, the effect of the line load, qn, on
the displacement of the nth ﬁber can next be quantiﬁed using the
concept of ﬁber’s Green’s function. With reference to the ﬁber
alignment depicted in Fig. 1 and symmetry of the problem with re-
spect to the x2  x3 plane, it can speciﬁcally be shown assuming
time-harmonic excitation at frequency x that
ufðnÞ1 ðx1Þ ¼
1
2b1EA
Z L=2
L=2
qðnÞ1 ðf1ÞS x1; a1ðf1Þ; b1ðf1Þ;b1ð Þdf1;
ufðnÞ2 ðx1Þ¼
1
4b33EJ3
Z L=2
L=2
qðnÞ2 ðf1ÞB x1;a2ðf1Þ;b2ðf1Þ;c2ðf1Þ;d2ðf1Þ;b3ð Þdf1
þufðnÞ2 ð0ÞBðx1;a3;b3;c3;d3;b3Þ; ð4Þ
ufðnÞ3 ðx1Þ¼
1
4b32EJ2
Z L=2
L=2
qðnÞ3 ðf1ÞB x1;a2ðf1Þ;b2ðf1Þ;c2ðf1Þ;d2ðf1Þ;b2ð Þdf1
þufðnÞ3 ð0ÞBðx3;a3;b3;c3;d3;b2Þ;
where  L2 6 x1 6 L2;
Sðx; a; b; bÞ ¼ a sinðbxÞ þ b cosðbxÞ;
Bðx; a; b; c;d; bÞ ¼ a sinðbxÞ þ b cosðbxÞ þ c sinhðbxÞ þ d coshðbxÞ
and
b1 ¼ x
ﬃﬃﬃ
q
E
r
; b2 ¼
ﬃﬃﬃﬃ
x
p
ﬃﬃﬃﬃﬃﬃ
qA
EJ2
4
s
; b3 ¼
ﬃﬃﬃﬃ
x
p
ﬃﬃﬃﬃﬃﬃ
qA
EJ3
4
s
:
Here E denotes the ﬁber’s Young modulus; q is its mass density;
A, J2 and J3 are respectively the ﬁber’s cross-sectional area and mo-
ments of inertia with respect to the x2 and x3 axes, while theG13ðx1;0;0;0;0;0Þ;G11ðx1; xðmÞ2 ;0; xðmÞ2 Þ and G13 x1; xðmÞ2 ;0; xðmÞ2
 
assuming w = 100 lm,
Table 2
Typical material properties of a PVDF sheet (after Ueberschlag (2001) and Fraden
(2004)).
E [GPa] q kgm3
h i
d31
pC
N
h i
 nFm
	 

1.1 1780 23 0.11
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Appendix A. Physically, the displacement ﬁeld ufðnÞ1 develops due
to stretching by axial load qðnÞ1 (note that u
fðnÞ
1 ð0Þ ¼ 0 due to prob-
lem symmetry), whereas ufðnÞk , k = 2, 3 are each represented as the
sum of two contributions, namely (i) the motion of a double-canti-
lever beam, ﬁxed in the middle, due to bending induced by trans-
verse load qðnÞk , and (ii) that generated by the oscillation of its
support, ufðnÞk ð0Þ, in the absence of distributed loads. Due of small
cross-sectional dimensions of the ﬁber, the torsional and shear ef-
fects induced by contact tractions qðnÞ2 and q
ðnÞ
3 are not taken into
account.
3.5. Fiber–substrate interaction
When the ﬁbers are bonded to the substrate, one clearly has
ufðnÞj ðx1Þ ¼ usubðnÞj ðx1Þ; 
L
2
6 x1 6
L
2
; j ¼ 1;2;3; n ¼ 1; . . . ;N:
ð5Þ
By virtue of (2) and (4), compatibility conditions (5) provide 3N
equations for the 3N unknown functions qðnÞ1 ; q
ðnÞ
2 and
qðnÞ3 ; n ¼ 1; . . . ;N. Here it is noted, however, that formulas (4) entail
two unknown constants, namely ufðnÞk ð0Þ; k ¼ 2;3 for each n. To
close the system of equations, (5) are complemented by enforcing
the balance of linear momentum in direction xk for each ﬁber,
namelyZ L=2
L=2
qðnÞk ðf1Þ þ qx2AufðnÞk ðf1Þ
n o
df1 ¼ 0; k ¼ 2;3; n ¼ 1; . . . ;N:
ð6Þ
For a generic testing conﬁguration involving layered viscoelastic
substrate and multiple sensing ﬁbers, (5) and (6) can be conve-
niently solved via the collocation method, equipped by (2), (4)
and numerically-computed Green’s functions for the substrate, Gij,
following (3). Once the interaction line loads qðnÞj ðx1Þ, j = 1, 2, 3 are
computed, the deformation of each ﬁber can be found from (4).
3.6. Computation of output voltages
On taking into account the electro-mechanical decoupling
examined in Section 2, the charge generated by each PVDF ﬁber
can next be calculated by integrating the electric displacement
over the effective area of an electrode. Assuming that the top and
bottom electrode cover respectively the entire top and bottom sur-
faces of the sensor (as would be the case if the ﬁber is cut from a
PVDF sheet), the charge equation for the nth ﬁber can be written,
following Lee (1990), as
Q ðnÞ ¼ w
Z L=2
L=2
D3dx1 ¼ d31Ew
Z L=2
L=2
dufðnÞ1
dx1
 h
2
d2ufðnÞ3
dx21
 !
dx1;
¼ ð2d31EwÞufðnÞ1
L
2
 
 ðd31EhwÞdu
fðnÞ
3
dx
L
2
 
; ð7Þ
where Q(n) is the charge generated by the ﬁber, D3 is the electric
(charge density) displacement in the x3-direction, and d31 is a con-
stant quantifying the so-called ‘‘direct’’ piezoelectric effect of axial
strain in the sensor on D3. Consistent with the discussion in Lee
(1990), formula (7) reﬂects the fact that a slender PVDF ﬁber can
sense only stretching and bending modes of deformation, noting
in particular that (i) the shear stress in the ﬁber is, following Euler
hypothesis, negligible, and (ii) the ‘‘lateral’’ bending strain
d2ufðnÞ2 =dx
2
1 generates zero net electric displacement due to material
homogeneity of the ﬁber in the x2-direction. Within this framework
the term in parentheses under the integral sign signiﬁes the net ax-
ial strain at the top surface of the nth ﬁber, that is solely responsiblefor generating the electric displacement D3. Once (7) is computed,
the voltage generated by the nth sensor can be calculated as
V ðnÞ ¼ Q
ðnÞ
C
; C ¼ Lw
h
; ð8Þ
where C denotes ﬁber’s capacitance, and  is the static absolute per-
mittivity of a PVDF material (Fraden, 2004). For completeness, typ-
ical values of the material parameters for a PVDF sheet, relevant to
the foregoing analysis, are given in Table 2.
3.7. Comparison with ﬁnite element simulations
To verify the implementation of the semi-analytical model pro-
posed in Section 3, ﬁnite element (ABAQUS) calculations are per-
formed assuming two ﬁbers (N = 2) on a homogeneous, elastic
half-space that is statically loaded by a point force,
F  Fx3 ¼ 1 mN, at the origin of the reference coordinate system
(see also Fig. 1). The ﬁbers are represented by beam elements
and, due to problem symmetry with respect to the x2  x3 plane,
only one half of the structure is modeled. Note that the comparison
is performed at zero frequency to avoid issues associated with non-
reﬂecting (i.e. wave-absorbing) boundaries in the FE solution, and
thus to facilitate unbiased examination of the semi-analytical
interaction model. As an illustration, a detail of the FE mesh featur-
ing reﬁned discretization in the vicinity of ﬁber-substrate inter-
faces is shown in Fig. 3. Both simulations assume w = h = 100 lm,
xð1Þ2 ¼ 10 mm; xð2Þ2 ¼ 11 mm; L ¼ 10 mm; E ¼ 1 GPa (Young’s mod-
ulus of the ﬁber), l1 ¼ 3 kPa and K1 = 74 kPa (shear modulus and
bulk modulus of an elastic substrate with Poisson’s ratio
m = 0.48). Fig. 4 shows a comparison between the FE result and
its companion obtained by solving (5) and (6) with 100 collocation
points equally distributed along the length of each ﬁber. As can be
seen from the display, there is a reasonable agreement between
the two solutions, with the maximum discrepancy not exceeding
4%. In general, this deviation can be attributed to (i) simplifying
hypothesis of the semi-analytical model which synthesizes the ac-
tion of a thin ﬁber as that of a line load, and (ii) spatial discretiza-
tion error inherent to the FE solution. In this regard, it is noted that
the FE displacements underestimate their semi-analytical counter-
parts which points to the latter cause of discrepancy, and that the
3D ﬁnite element simulation is performed with the maximum
number of elements permitted by the computer. Noting further
that the semi-analytical simulations with 100 and 1000 collocation
nodes along the length of each ﬁber yielded no observable differ-
ences in the accuracy of displacement estimates, it is ﬁnally men-
tioned that the FE compute time required to produce results in
Fig. 4 exceeds that of the 100-node semi-analytical model by an ex-
cess of a decade.
4. Back-analysis
4.1. Observations
Assuming that the layered substrate is probed, using time-har-
monic source, in a frequency-sweep setting, the experimental (i.e.
observed) data set stemming from the PVDF sensor array as in
Fig. 1 array takes the format
V ðnÞobsðxkÞ; n ¼ 1; . . . ;N; k ¼ 1; . . . ;K: ð9Þ
Fig. 3. Detail of the ﬁnite element mesh with two ﬁber sensors.
Fig. 4. Displacements along the ﬁber–substrate interface: ﬁnite element simulation
versus semi-analytical result assuming static loading and homogeneous substrate
(l = 3 kPa, m = 0.48, F = 1 mN).
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quency sweep is performed over a discrete set of frequencies xk,
and V ðnÞobsðxkÞ is the complex-valued voltage quantity synthesizing
in- and out-of-phase components of the voltage generated by the
nth sensor under time-harmonic excitation at frequency xk. In
situations when transient excitation is employed to generate the
Rayleigh and body waves in the substrate, V ðnÞobsðxÞ can be alterna-
tively interpreted the Fourier transform of its temporal companion,eV ðnÞobsðtÞ.
In an attempt to mimic the Spectral Analysis of Surface Waves
(Heisey et al., 1982; Ganji et al., 1998) and its MASW successor
(Park et al., 1999; Park et al., 2007), one may next be enticed to
convert (9) into a set of frequency response functions
V ðmÞðxkÞ
V ðnÞðxkÞ
; m > n; m;n ¼ 1; . . . ;N; k ¼ 1; . . . ;K ð10Þ
and to use (10) as experimental input, for the phase of such com-
plex-valued quantities carries information about the phase velocity
(and thus dispersion) of surface waves. As a more direct approach to
the viscoelastic reconstruction of layered substrate, however, onemay retain (9) as ‘‘raw’’ experimental input. In such case the com-
putation of (8), which simulate V ðnÞobs, necessitates knowledge of
the axial force (F) used to excite the tissue. This can be accom-
plished either via a force-sensing vibratory source (a hypothesis
used hereon for simplicity), or by including F into the list of un-
known parameters. As shown in Guzina et al. (2009), the latter
strategy provides an effective means for estimating the source
‘‘strength’’ in situations where force sensing may not be available.
4.2. Minimization
With reference to experimental the data set (9) representing a
collection of voltages generated by the array of N piezoelectric
(PVDF) ﬁbers over K sampling frequencies, one may introduce
the cost functional
J ¼
XK
k¼1
XN
n¼1
V ðnÞðxkÞ  V ðnÞobsðxkÞ
h i
V ðnÞðxkÞ  V ðnÞobsðxkÞ
h i
; ð11Þ
where over-bar symbol indicates complex conjugation; V ðnÞobs denote
experimental observations, and V(n) are their predictions i.e. simula-
tions for a trial layered proﬁle. With reference to (1), the idea is to
postulate the a priori knowledge of the layers’ mass densities qs and
elastic bulk moduli Ks (s = 1,2, . . .S) and to minimize J with respect
to the vector of viscoelastic parameters
p ¼ gð1Þ1 ;gð1Þ2 ; . . .gð1ÞP ; . . . ;gðSÞ1 ;gðSÞ2 ; . . .gðSÞP
n o
ð12Þ
characterizing the substrate in terms of its shear moduli. Here it is
noted that (12) implicitly assumes that the layer thicknesses, hs
(s = 1,2, . . .S  1) are known beforehand, as exposed for instance
via high-frequency ultrasound (Liu and Ebbini, 2008). In situations
where such hypothesis does not apply, the problem can be resolved
by either (i) including hs into the list of unknown parameters p, or
(ii) taking hs = H/M where x3 2 [H,0] is the depth range of interest,
and M is an integer such that hs meets the sought spatial resolution
of vertical substrate reconstruction.
To maintain the physical relevance of a solution, however, the
arguments of J , i.e. the components of p must be subject to suit-
able inequality constraints. In the context of isotropic linear visco-
elasticity, complex shear modulus (1) is typically parametrized
such that the thermomechanical stability of a system is maintained
when gsp P 0 ðp ¼ 1;2; . . . PÞ, see e.g. Findley et al. (1989). To facil-
itate the enforcement of such constraints, one may conveniently
supersede p by
p ¼ log gð1Þ1 ;gð1Þ2 ; . . .gð1ÞP ; . . . ;gðSÞ1 ;gðSÞ2 ; . . .gðSÞP
n o
ð13Þ
and pose the incipient minimization problem as
min
p
J ðpÞ: ð14Þ
In what follows, functional J ðpÞ is minimized via gradient-based
BFGS quasi-Newton method and an inexact line search algorithm
based on the strong Wolfe condition (Nocedal and Wright, 1999).
The computation of material sensitivities @J =@p is accomplished
numerically via the use of ﬁnite differences.
Within the framework of the MASW testing, it is noted that the
above spectral analysis of surface and body waves is general in the
sense that: (i) it requires no a priori assumption about the modal
participation of Rayleigh surface waves propagating through the
substrate, and (ii) it includes both near- and far-ﬁeld effects, and
thus imposes no restrictions on the source-receiver spacing. The
latter feature of the proposed back-analysis is particularly impor-
tant in the context of meaningful shear-wave attenuation charac-
terizing soft tissues.
Fig. 5. Convergence of the reconstructed shear moduli for selected frequency data
sets (K = 3,4,5) assuming four-ﬁber sensing array and noise-free measurements.
Synthetic skin proﬁle: ltrue1 ¼ ð9:4þ 3:4iÞ kPa – epidermis (h1 = 0.5 mm),
ltrue2 ¼ ð7þ 0:3iÞ kPa – dermis (h2 = 2 mm), and ltrue3 ¼ ð1:1þ 0:5iÞ kPa – subcuta-
neous tissue (bottom half-space).
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For simplicity, the viscoelastic substrate characterization via an
array of PVDF ﬁbers is considered for a canonical synthetic conﬁg-
uration where: (i) the ﬁbers are in direct contact with the sub-
strate; (iii) the substrate i.e. skin is represented by a three-layer
half-space model (S = 3) which neglects the presence of very thin
layers (namely that of stratum corneum and a soft ‘‘interphase’’
layer between the epidermis and dermis), and (iii) the complex
shear modulus (1) of each layer is, over a given frequency range,
rate-independent so that
ls ðx;gðsÞ1 ;gðsÞ2 ; . . .gðsÞP Þ ¼ gðsÞ1 þ igðsÞ2 ¼ const:; i ¼
ﬃﬃﬃﬃﬃﬃﬃ
1
p
; s
¼ 1;2;3: ð15Þ
Under such hypotheses, the vector of unknown material parameters
(12) specializes to
p ¼ gð1Þ1 ;gð1Þ2 ;gð2Þ1 ;gð2Þ2 ;gð3Þ1 ;gð3Þ2
n o
;
where the sought ‘‘true’’ values of gðsÞp , namely g
ðsÞtrue
p (p = 1, 2, s = 1,
2, 3) are taken following Table 1. Consistent with earlier discussion,
ptrue is sought via the minimization of (11) with respect to p⁄ = logp
which assumes prior knowledge of qtrues ¼ 1100 kg=m3 and
K trues ¼ 1:5 GPa; s ¼ 1;2;3 (see Table 1).
With reference to Fig. 1, the ensuing examples assume testing
conﬁguration consisting of four ﬁbers (N = 4), each having length
L = a and square cross-section w  h = 102a  102a, arranged
such that
xðnÞ2 ¼ aþ
n 1
N  1 a; a ¼ 10 mm; n ¼ 1;2; . . .N:
For clarity, it is recalled that (0,x2 = 0,0) is the location of the point
source used to generate the surface motion. The set of excitation
frequencies employed to probe the tissue is taken as
xk ½rad=s	 ¼ 200pk; k ¼ 1;2; . . . ;K
covering the range of linear frequencies f =x/(2p) 2 [100, 100K] Hz,
and shear wavelengths in the uppermost layer
k ¼ f1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Reðl1Þ
q1
s
2 ½3K1;3	a; ð16Þ
whereby the minimum illuminating wavelength equals roughly
9K1 inter-ﬁber distances.
The convergence of the optimization procedure is examined in
Fig. 5 for three progressively richer (frequency) data sets, namely
those assuming K = 3, K = 4 and K = 5. As can be seen from the dis-
play, the ‘‘sweeps’’ with K = 3 and K = 4 are only partially successful
in resolving the synthetic skin proﬁle, encountering particular dif-
ﬁculties in resolving its attenuation characteristics synthesized via
Imðls Þ; s ¼ 1;2;3. In contrast, the example with ﬁve testing fre-
quencies (100, 200, 300, 400 and 500 Hz) demonstrates that the
proposed back-analysis is capable of resolving both real and imag-
inary parts of all three sublayers with satisfactory accuracy (the
maximum relative error between the reconstructed and ‘‘true’’
modulus is less than 1%). Here it is noted on the basis of (16) that
the shear wavelength in the uppermost layer at 500 Hz is roughly
5 mm – a length scale that may be compared to the inter-ﬁber dis-
tance of 3.3 mm, the thickness of epidermis h1 = 0.5 mm, and the
thickness of dermis h2 = 2 mm. In this regard, one may recall the
results in Lai and Rix (2002) which demonstrate that the coupling
between the wave dispersion and attenuation (taken into account
in this study) is pronounced at shear wavelengths as long as ten
times the minimum layer thickness, which is the case with the
present example. To justify the use of the shear wavelength as
the characteristic length scale in the discussion, it is further notedthat (i) the skin sublayers exhibit notable contrast in the shear (as
opposed to bulk) modulus, see e.g. Geerligs (2006), and (ii) the
wavelength of the Rayleigh waves, carrying most of the surface
motion energy, is (smaller than and thus) much closer to that of
shear waves than to that of compressional waves (Achenbach,
1973).
To expose the sensitivity of the proposed scheme to measure-
ment uncertainties, a 5% uniformly-distributed random noise is
added to synthetic observations (9). The associated results of min-
imization i.e. substrate reconstruction are plotted in Fig. 6 versus
the number of testing frequencies, ranging from K = 2 to K = 6. De-
spite the presence of measurement errors, the back-analysis with
K = 5 and K = 6 still resolves the preponderance of the viscoelastic
proﬁle with reasonable accuracy. The only exception to this claim
is the imaginary part of the ‘‘bottom’’ shear modulus, Imðl3Þ,
which differs from its ‘‘true’’ value by roughly 10%. The latter error
can be attributed to a combined effect of: (i) injected 5% measure-
ment ‘‘noise’’, (ii) deterioration of the model resolution with depth,
and (iii) smallness of the ‘‘bottom’’ viscosity parameter in question
(see Table 1). In particular, a comparison of the noise-free inversion
results in Fig. 5 (where all parameters are resolved within 1%) and
those in Fig. 6 reveals that the parameter most affected by mea-
surement inaccuracies is in fact Imðl3Þ. This is consistent with
observations in the literature that the resolution of Rayleigh-wave
inversion may deteriorate with depth – especially when using a
limited number of excitation frequencies (Xia et al., 2008), and that
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erally less accurate than that of the corresponding elasticity
parameters (Xia et al., 2004; Guzina and Madyarov, 2005).
In concluding the numerical analysis, it is noted that the forego-
ing results are inherently dependent on the accuracy of the as-
sumed input parameters, most notably layer thicknesses hs (s = 1,
2). As examined earlier, the latter distances can be measured with
high accuracy via high-frequency ultrasound as in Liu and Ebbini
(2008). In the absence of such critical information, the most sys-
tematic way toward reliably estimating the layered tissue proper-
ties may entail the inclusion of hs into the list, p, of unknownFig. 6. Reconstructed shear moduli for selected frequency data sets (K = 2,3,4,5,6)
assuming four-ﬁber sensing array and measurements polluted with 5% random
noise. Synthetic skin proﬁle: ltrue1 ¼ ð9:4þ 3:4iÞ kPa – epidermis (h1 = 0.5 mm),
ltrue2 ¼ ð7þ 0:3iÞ kPa – dermis (h2 = 2 mm), and ltrue3 ¼ ð1:1þ 0:5iÞ kPa – subcuta-
neous tissue (bottom half-space).parameters as in Guzina and Madyarov (2005). While increasing
the dimension of the parametric space and thus complicating the
inversion, such an approach may inherently ‘‘guard’’ against blun-
ders caused by the erroneous input values of hs.
6. Summary
In this study, a piezoelectric motion-sensing array and compu-
tational framework are proposed for the non-invasive viscoelastic
reconstruction of layered skin properties. This is accomplished by
the scale reduction of the so-called Multi-channel Analysis of Sur-
face Waves, a seismic surveying methodology that is routinely
used in engineering geophysics for the identiﬁcation of vertical
geological proﬁles. The utility of the new sensor, containing an ar-
ray of hair-like piezoelectric (PVDF) sensors that are sensitive to
surﬁcial tissue deformation and thus motion, is enhanced through
a systematic solid-ﬁber interaction analysis that furnishes integral
information, cumulative over the length of each ﬁber, about the
attenuation and dispersion of surface waves. By virtue of a full
waveform back-analysis, featuring the proposed predictive model
as a tool to interpret electric charges stemming from the ﬁbers,
the methodology allows for an effective reconstruction and visco-
elastic characterization of cutaneous and subcutaneous tissue sub-
layers on a millimeter scale. The performance of the proposed
sensor array and data interpretation framework is illustrated
through numerical simulations, which point to the feasibility of
in vivo mechanical characterization of stratiﬁed skin structure. Po-
tential beneﬁts of the new technology are twofold and include (i)
low-cost viscoelastic characterization of skin using disposable
motion sensor, and (ii) mechanical differentiation between skin
sublayers, not achievable through available techniques. Thus
obtained information could be used for example toward better
understanding of skin aging or exposing the effectiveness of vari-
ous cosmetic treatments. In the context of elastic-wave delineation
of skin cancer, the proposed developments may provide a critical
preparatory step toward non-iterative 3D reconstruction of lesions
via e.g. the linear sampling method or the topological sensitivity
approach, which both require the mechanical properties of the le-
sion-free, ‘‘background’’ layered medium to be known beforehand.
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Appendix A
For completeness the expressions for auxiliary functions ai, bi
(i = 1,2,3) and cj, dj (j = 2,3), featured in (4), can be written as
a1ðfÞ ¼  cosðbfÞH cosðbfÞ  2t sinðbfÞ;
b1ðfÞ ¼  sinðbfÞHþ sinðbfÞ;
a2ðfÞ ¼ cosðbfÞHþ 1M

ð1þ c chþ s shÞ coshðbfÞ þ s ch sinðbfÞ½
 sinhðbfÞ	  sh c sinhðbfÞ þ sinbðL 2fÞ
2
 
;
b2ðfÞ ¼  sinðbfÞH 1M sinhðbfÞ þ s cosh
bðL 2fÞ
2
 ch cosðbfÞ
 
þsh cosbðL 2fÞ
2
 c sinhbðL 2fÞ
2

;
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bðL 2fÞ
2
 s sinhðbfÞ
 
þsh s coshðbfÞ  c sinhðbfÞ  sin bðL 2fÞ
2
 
;
d2ðfÞ ¼ sinhðbfÞH sh c coshðbfÞ þ s sinhðbfÞ  cos bðL 2fÞ2
 
þ ch sin bðL 2fÞ
2
 s coshðbfÞ
 
 sinðbfÞ
a3 ¼ s chþ c sh2M ; b3 ¼
1
2
 ssh
2M
; c3 ¼  s chþ c sh2M ;
d3 ¼ 12þ
ssh
2M
;
where
s ¼ sin bL
2
; c ¼ cos bL
2
; t ¼ tanbL
2
; sh ¼ sinh bL
2
;
ch ¼ coshbL
2
; M ¼ 1þ cos bL
2
cosh
bL
2
; H ¼ Hðf xÞ  Hðx fÞ
and H(x) is the Heaviside step function.
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